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This paper develops a hybrid computable general equilibrium model to explore the
impacts of reducing renewable energy subsidies on China’s energy transition in various
scenarios. The results of the benchmark scenario indicate that China can realize its
regulatory goals in energy consumption and structure and carbon emission intensity
in 2030. This paper sets various policy scenarios to simulate the impacts of reducing
renewable subsidies between 2021 and 2030. The analytical results of the scenarios
indicate that the government’s 2030 target for total energy and natural gas consumption
and carbon emission intensity can be achieved. However, the target for non-fossil energy
is hard to fulfill when the renewable energy subsidy is reduced. The empirical results also
indicate that a moderate renewable energy subsidy associated with significant technical
progress in renewable energy is a crucial way for China to fulfill government targets and
energy transition in 2030.

Keywords: energy transition, hybrid dynamic computable general equilibrium model, renewable energy, reducing
subsidies, policy scenarios

INTRODUCTION

In recent years, under the challenge of environmental degradation and climate change, the global
renewable energy has made great progress with the strong support of government policies (Ji et al.,
2019; Xu et al.,, 2019; Zhang and Ji, 2019). In order to effectively promote the development of
renewable energy, such as wind power and solar power, China has also established a complete
policy support system for renewable energy (Ji and Zhang, 2019). China has formulated a series of
policies to promote renewable energy since 2006, especially the benchmark feed-in tariff (listed in
Tables 1, 2) and tax incentives. The added-value tax is levied by half, and the enterprise income tax
is exempted from the first year to the third year and is halved from the fourth year to the sixth year
when the projects of wind and solar power receive income. Those policies have effectively improved
the economic benefits of wind and solar power enterprises and broaden renewable energy prospects
in China.
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TABLE 1 | Benchmark feed-in tariff of wind power.

Resource areas Benchmark feed-in tariff (yuan /kWh)

2009 2014 2015 2018 New onshore
wind power (2018)
Class | 0.51 0.49 0.47 0.44 0.40
Class Il 0.54 0.52 0.50 0.47 0.45
Class Il 0.58 0.56 0.54 0.51 0.49
Class IV 0.61 0.61 0.60 0.58 0.57

TABLE 2 | Benchmark feed-in tariff of solar power.

Resource areas Benchmark feed-in tariff (yuan /kWh)

2013 2015 2017 2018
Class | 0.90 0.80 0.55 0.5
Class Il 0.95 0.88 0.65 0.6
Class Il 1.00 0.98 0.75 0.7

China has experienced rapid development in renewable
energy and has been the biggest generator of wind and solar
power in the world. By the end of 2018, the installed capacity
of wind and solar power reached 360 GW. The generation of
wind and solar power totaled 600 TWh, comprising nearly 9% of
total electricity generation. Moreover, China has set an ambitious
target for non-fossil fuel energy in the Energy Production and
Consumption Revolution Strategy (2016-2030): the ratio of non-
fossil fuel energy will be 20% and more than half the total energy
consumption in 2030 and 2050, respectively. Recently, subsidies
for renewable energy in China have declined with the expansion
in the scale and technical progress in renewable energy. In
particular, the government wants to achieve grid parity in wind
and solar power in 2020. In 2019, the government stipulated
that the price of new centralized onshore and offshore wind
power projects permitted should be determined through market
competition. Because the subsidy policy in China is crucial for
promoting renewable energy development, it is important to
assess the impacts of a reduction in subsidies on renewable energy
and energy transition.

The computable general equilibrium (CGE) model
incorporates all economy components and all economic links
into a unified framework based on the general equilibrium theory
of Walras. It describes sectoral interactions in the economy and
can simulate the impacts and feedback from energy and
environmental policy shocks on energy, the economy, and
the environment. Therefore, it is widely used in energy and
environmental policy evaluation (Pui and Othman, 2017; Li
et al, 2018; Tran et al, 2019). As a top-down macro-model,
CGE has the advantage of simulating the impact of policy
on macroeconomic activities, but it has difficulty describing
microcharacteristics in energy, emissions reduction technology,
cost, and so on. The bottom-up microtechnology model can
describe the technical and economic characteristics of energy
and emission reduction technology. To achieve the advantages

of both top-down and bottom-up models, a hybrid CGE model
emerged that integrates the ideas of the two models (Xie et al.,
2018).

The first kind of the hybrid CGE model combines a bottom-up
energy partial equilibrium model that reflects energy information
and a top-down CGE model. Tuladhar et al. (2009) analyzed the
macroeconomic impacts of US climate change policies for three
different emissions pathways using a top-down (multiregion
national model, MRN) bottom-up (North American electricity
and environment model, NEEM) integrated model. The MRN
is a forward-looking, dynamic CTE model of the United States.
The NEEM is a flexible, partial equilibrium model of the
North American electricity market, taking into account demand
growth, available generation, environmental technologies, and
both current and future environmental regulations. Martinsen
(2011) introduced energy technology learning in a national CGE
model through soft links to a global technology rich energy
systems model and a national energy systems model (Markal
Norway) and analyzed the influence of global policy scenarios,
particularly spillover of technology learning, on the energy
demand of non-energy sectors of the economy. Arndt et al.
(2016) developed a sequential approach to link a bottom-up
energy sector model (South African TIMES Model, or SATIM)
with a detailed dynamic general equilibrium model of South
Africa, which is an intertemporal bottom-up partial equilibrium
optimization model of South Africa’s energy sector. The approach
is designed to simultaneously address the shortcomings and
maintain the benefits of detailed energy sector and general
equilibrium models. Helgesen et al. (2018) linked a bottom-up
energy system model! and a top-down CGE model to analyze
both the energy system impacts and the economic impacts of
reducing greenhouse gas emissions in transportation. Wu et al.
(2019) adopted a hybrid of these approaches, which employed
a soft link between the Asia-Pacific integrated model/CGE for
Taiwan (top-down) and the Taiwan 2050 Calculator (bottom-
up), to evaluate the effects of energy efficiency improvements in
Taiwan. Related hybrid CGE models include Lanz and Rausch
(2011) and Igos et al. (2015).

The second kind of the hybrid CGE model is a submodule
of energy technology functions, which reflects the characteristics
of energy technology and the economy, embedded in a top-
down CGE model. Sue (2006, 2008) constructed an energy social
accounting matrix, which embodied the subdivision of different
power technology characteristics. Then, a hybrid CGE model
was established, which included a bottom-up power technology
functions module and a top-down CGE model. A dynamic
CGE model for global carbon emission prediction and policy
assessment (EPPA) was established by the MIT Joint Program
on the Science and Policy of Global Change (Jacoby et al,
2004, 2014; Paltsev et al., 2005), which includes the submatrix
and production function submodule reflecting the technical and
economic characteristics of energy and power technology and the

'Norway Integrated Markal Efom System model, which gives a detailed
description of the entire energy system, including all resources, energy production
technologies, energy carriers, demand devices, and sectoral demand for energy
services.
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economy. Bohringer and Rutherford (2006, 2008) established a
hybrid model combining an energy sector segmentation model
with a CGE model based on an idea in the EPPA model and
analyzed energy and environmental policies, such as gradually
abolishing nuclear energy, a green quota, and a carbon tax.
Using the method of subdividing the energy sector in the MIT
EPPA model, Zhang et al. (2012, 2013) developed a CGE model
with global coverage that disaggregated Chinas 30 provinces,
including details on the energy system, and applied it to assess the
impact of the current binding provincial carbon dioxide (CO;)
emission intensity targets. Wu et al. (2016, 2017) established
a CGE model of Chinas multiregional energy-environment—
economy with 30 regions and 17 sectors based on the MIT EPPA
model. Meng et al. (2018) used a CGE model that integrates
an electricity supply model, in which the electricity industry
was disaggregated into eight sectors, to measure the effects of
an emission trading scheme (ETS) on the energy sector and
economy in Australia. Relevant hybrid CGE models also include
Proenga and Aubyn (2013), Cai and Arora (2015), Yun et al.
(2016), Tabatabaei et al. (2017), and Lou (2017).

The most important difference between the two kinds of
hybrid CGE models is the interconnection between the bottom-
up model of energy information and the top-down macro-
CGE model. The first kind of model, a microlocal equilibrium
model and a macro-CGE model, is constructed under different
economic assumptions. Researchers mainly integrate the results
of the core variables in the two models and adjust the relevant
exogenous parameters through external artificial operations, and
the core variables in the two models achieve uniform convergence
by a soft-link mechanism. Sometimes it is difficult to obtain the
optimal solution.

The second kind of model connects the two models through
specific functions. The information processing and interaction
between the two models are automatically completed by
programming, so the optimal solution to the two models can
achieve uniform convergence. Many hybrid CGE models have
been developed based on the second model.

This paper develops a hybrid CGE model of China’s
energy and environmental policy evaluation following the
approach in this second model. The model disaggregates China’s
energy sectors into 11 subsectors to reflect the technical and
economic characteristics of various energy sources with the
biproportional scaling method and the method used in preparing
China’s input-output table for 2012 (Department of National
Economic Accounting National Bureau of Statistics, 2014),
and then construct the energy factors input functions module.
Lastly, we develop a hybrid CGE model by embedding the
energy factors input functions module into the production
functions module. Using a hybrid CGE model, this paper
determines the impacts of a policy to reduce subsidies for
renewable energy and energy transformation in China in
various scenarios.

The rest of this paper is as follows. The section Methodology
proposes a hybrid CGE model, the section Sectoral Setting and
Data Sources describes the sector setting and data sources, the
section Setting Policy Scenarios describes different scenarios of
the policy to reduce subsidies, the section Empirical Results and

Discussion analyzes and discusses the results, and the section
Conclusions and Policy Implications concludes this paper.

METHODOLOGY

The Proposed Hybrid CGE Model

We develop a hybrid CGE model of Chinas energy and
environmental policy evaluation including five functional
modules, production, trade, income and expenditure, carbon
emissions and social welfare, and market clearing and model
closure. Figure 1 illustrates the structure of the proposed model,
and the main functions of each module are explained in the
Supplemental Material.

Production Module

About the structure of the input factors in terms of production
functions, we first combine capital and energy input as capital-
energy composition, then combine capital-energy input with
labor input as labor-capital-energy composition. Lastly, a sector’s
final output is produced by labor-capital-energy composition
input and intermediate input. This paper uses a Leontief function
to combine labor-capital-energy composition with intermediate
input and the constant elasticity of substitution (CES) function to
combine other input factors.

This paper explores the impact of a reduction in subsidies
on China’s energy transition and renewable energy development.
To embody the technological and economic characteristics of
various types of energy and get robust simulation results,
we disaggregate the energy sector in detail as shown in the
production module of Figure 1. First, the coal sector comprises
coal and coke, the petroleum sector includes crude oil and
petroleum energy, the gas energy sector includes natural gas
and gas, and clean energy comprises hydroelectricity, nuclear,
wind power, solar power, and others. Second, according to
the substitution relationship among energy sources, petroleum
energy and gas energy are combined as petroleum and gas
energy, then the fossil fuel-based energy is disaggregated into coal
and composite petroleum and gas. At the same time, electrical
power is further divided into thermal and clean power. Lastly,
energy input consists of fossil fuel-based energy and electricity.
Ultimately, the energy sector is disaggregated into 11 subsectors
listed at the bottom of Figure 1.

Trade Module

In this module, the constant elasticity transformation (CET)
function is employed to allocate the sectors’ domestic products,
and the producers determine the optimal allocation strategy
among various markets in the given production technology
constraints. The sectors demand function for domestic
production follows the “Armington hypothesis,” and consumers
minimize costs by optimizing the mix of domestic and
imported products.

Income and Expenditure Module

This module encompasses income and expenditure of residents,
enterprises, and government. The resident revenue is derived
from labor factor income, capital factor income, government
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Closure and Market-Clearing Module
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and enterprise transfer payment to residents, as well as overseas
income. The resident expenditure includes consumption
and savings, wherein the resident expenditure function
is demonstrated by the Stone-Geary utility function. The
enterprise income is mainly from the capital factor revenue,
and its expenditure comprises the transfer payment to residents,
savings, and stock. Government owes its income from taxes and
foreign, and government expenditure is intended for government
consumption and savings, transfer payments to residents, and
assistance to foreign countries.

Carbon Emissions and Consumer Welfare Module
The carbon emissions in this paper refer to the ones from energy
use. Hicks equivalent variation is applied to measure the impact

of external policy change on the resident welfare. That is, we
evaluate the changes in resident utility levels before and after the
policy implementing on the basis of commodity price.

Closure and Market-Clearing Module

The market-clearing functions module involves equilibrium of
labor market, capital market, and commodity market. This paper
assumes that: (a) the wage level is an endogenous variable,
and the labor market realizes full employment; (b) the capital
return rate is an endogenous variable, and the capital can
be fully utilized through the free flow of capital; and (c) the
commodity price is an endogenous variable, and the balance
between supply and demand of departmental commodities is
capable of emerging.
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TABLE 3 | Statistical number of model function and endogenous variables.

Functions module Functions Endogenous variables
number number

Production functions module 36n+nj 37n+n+2

Trade functions module 8n 8n+1

Income and expenditure module:

Resident functions 2n+6 2n+6

Enterprise functions 2n+5 2n+5

Government functions 3n+7 3n+7

Carbon Emissions and Consumer 3 3

Welfare Functions Module

Closure and Market-Clearing 3n+9 2n+6

Functions Module

Total 54n+nj+30 54n+nj+ 30

The closure functions module includes saving-investment
balance, government budget balance, and international payment
balance. In this paper, the exchange rate is set endogenously while
the foreign savings are set exogenously. The import and export
are adjusted by the change of the exchange rate, ultimately to
achieve the balance of payments.

Model Equations and Endogenous Variable
Table 3 shows the number of functions and endogenous variables
of each module in this model and indicates that the number of
equations equals the number of endogenous variables. Therefore,
the model proposed in this paper is computable and has a
solution.

Model Dynamic

The dynamic process of the model involves labor growth,
technological progress (total factor productivity, TFP), and
capital accumulation and allocation. In this paper, the labor
growth and technological progress are given exogenously. The
capital allocation among sectors is determined by the return rate
of the sector capital, the average return, and the supply of the
social capital based on a CET function.

Liy1 = L - (1+ lagy)
TFPis41 = TFPi; - (1+ tfpgir)

—p Rit \”
Ki’[ = (Xi . E . KSt
t

(tp) (1‘im
KS; = sum (i,ai~Kit” )

KSiy1 = KS; — Y Kiy - depr; + TINV,

1

where the subscript ¢ is time. L; denotes the labor supply. lag; is
the labor growth. TFP;; is the total factor productivity, tfpg;, is
the growth of the total factor productivity, and Kj is the capital
demand of sector i. KS; is the total supply of the social capital.
TINV; is the total social investment. R;; is the return on capital

of sector i. AR; is the average return on the social capital. depr;
is the capital depreciation, and «; is the capital demand share of
sector i. p denotes the alternative elasticity correlation coeflicient
of capital demand between sectors.

SECTORAL SETTING AND DATA SOURCES
Sectoral Setting

In order to measure the impacts of policy change on clean energy
and carbon emissions, the energy sector is disaggregated into 11
subsectors as shown in Figure 1. Consequently, 31 industries are
compiled based on China’s 2012 Input/Output table, as listed in
Table 4.

This paper disaggregates the petroleum and natural gas
extraction sector in China’s 2012 IO tables into two subsectors,
the petroleum extraction sector and the natural gas extraction
sector, because the input structure of the production processes
and the allocation of the outputs of petroleum extraction and
natural gas extraction differ significantly using the biproportional
scaling method. Similarly, in the method of preparing China’s
2012 IO table (Department of National Economic Accounting
National Bureau of Statistics, 2014), the production and supply of
electricity are subdivided into the production and distribution of
thermal power, the production and distribution of hydropower,
the production and distribution of nuclear power, the production
and distribution of wind power, the production and distribution
of solar power, and others.

In the IO tables published in China, the “oil exploitation”
and “natural gas exploitation” are statistically managed as two
different sectors only in 1997, while they are termed as a single
department of “oil and gas exploitation” in other years. So this
paper splits the “oil and gas exploitation” into two subsectors
of “oil exploitation” and “natural gas exploitation” in the 2012
IO table by the following steps: (1) We firstly merge the basic
flow chart of the 1997 IO table into 26 sectors then adjust the
2012 IO table to 25 sectors, which are consistent with those
in 1997 (excluding the “oil and gas exploitation” sector). (2)
According to the comparison of “China energy balance table
(standard quantity)” in China Energy Statistics Yearbook 2013
and the 2012 IO table, this paper determines the sum of rows
and columns of the intermediate input and demand of “oil
exploitation” and “natural gas exploitation” in the 2012 IO table.
(3) Taking the sum of rows and columns of intermediate input
and demand in the 2012 IO table as the target control variables
(26 sectors), we update the structure data of the intermediate
input and demand in 1997 IO table through the biproportional
scaling technique. (4) The intermediate input and demand data
of the “oil and gas exploitation” sector in the 2012 IO table
(25 sectors) are disaggregated based on the ratio coeflicient of
intermediate input and demand of “oil exploitation” and “natural
gas exploitation” in the updated 1997 IO table. (5) The data
of household consumption, government consumption, capital
investment, stock import, export, and added value in the “oil
exploitation” sector and the “natural gas exploitation” sector are
determined according to the 2012 IO table and the “China energy
balance table (standard quantity)” in China Energy Statistics
Yearbook 2013.
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TABLE 4 | Sectoral classification.

Code Sectors

Code Sectors

1 Agriculture, Forestry, Animals Husbandry, and Fishing 17 Finance and Insurance
2 Mining and Processing of Other Ores 18 Real Estate, Tenancy, and Business Services
3 Manufacture and Processing of Food and Tobacco 19 Other services
4 Manufacture and Processing of Textiles and Related Products 20 Processing of Nuclear Fuel
5 Processing Manufacture of Timber, Paper, Printing, and Articles for Culture, Education, and 21 Mining and Washing of Coal
Sports Activity
6 Chemical Industry 22 Coking
7 Manufacture of Cement, Lime, and Gypsum 23 Extraction of Petroleum
8 Manufacture of Nonmetallic Mineral Products 24 Processing of Petroleum
9 Smelting and Pressing and Manufacture of Metals and Related Products 25 Extraction of Natural Gas

10 Manufacture of Machinery and Equipment

11 Manufacture of Communications Equipment, Measuring Instruments, and Other Manufacturing 27

12 Production and Distribution of Water

13 Construction

14 Transport, Storage, and Post

15 Wholesale, Retail Trade, Hotel, and Restaurants

16 Information Transfer, Computer Services, and Software

26 Production and Distribution of Gas

Production and Distribution of Thermal Power
28 Production and Distribution of Hydropower
29 Production and Distribution of Nuclear Power
30 Production and Distribution of Wind Power
31 Production and Distribution of Solar Power and Other

The specific splitting procedure of the power generating
and supply sector is depicted as follows: (1) According to the
rules of The Method of Preparing the China Input-Output Table
2012, we format the share of intermediate input and added
value of various power sectors based on the data such as cost
statement and profit statement of various power generating,
transmission, and supply enterprises in 2012. (2) Fossil energy
is fully consumed by the thermal power sector, and nuclear fuel is
used for generating nuclear power during the power generation
process. (3) The input demand for power of thermal power,
hydropower, nuclear power, wind power, solar power, and other
power sectors comes from their own sectors. (4) The power
generating and supply sector (input structure) is divided into the
thermal power, hydropower, nuclear power, wind power, solar
power, and other electric power according to the row sum of
generation and average feed-in-tariff of all kinds of electric power
in 2012 as the control variable. (5) The product allocation (output
structure) between the intermediate input and the final demand
of the power production and supply sectors is determined by the
output value of each sector.

Data Sources
The basic data are from the 2012 IO table, 2012 Statistical
Yearbook, 2013 China Power Yearbook, China Energy Statistics
Yearbook 2013 of the National Bureau of Statistics of the
People’s Republic of China, and annual statistics from the China
Electricity Council.

The elasticity coeflicients of production and trade functions
are calibrated and set in the model referring to the relevant
researches including Xuan (2002), Wang (2003), Tan (2008), Guo
etal. (2014, 2019), and Chi et al. (2014). Table S2 is the elasticity
of substitution coefficients.

The model necessitates the calculation of the carbon
emission coefficient for fossil energy. The calculating process is

demonstrated as follows: (1) The fossil energy is divided into six
categories including raw coal, crude oil, oil processing products,
coke, natural gas, and gas, which are obtained from the “energy
balance table” in China Energy Statistics Yearbook 2013. (2) The
carbon emissions from coking and gas producing are eliminated
from the total emissions of raw coal and crude oil. (3) The carbon
emissions of oil processing products comprise from gasoline,
kerosene, diesel, fuel oil, liquefied petroleum gas, refinery dry
gas, and other petroleum products. (4) The average low-heat
value of diverse fossil energy refers to China Energy Statistics
Yearbook 2013. (5) The carbon emission factors of fossil energy
come from the 2006 IPCC Guidelines for National Greenhouse
Gas Inventories. (6) To obtain the carbon emission coefficients of
fossil energies, the carbon emissions of six different fossil energies
are calculated and divided by the corresponding energy value in
the IO table. The coefficients of carbon emissions are in Table S3.

SETTING POLICY SCENARIOS

First, we forecast energy consumption, carbon emissions, and the
structure during the period 2012—2030 in a benchmark scenario
against which the other policy scenarios can be compared.
Following Li (2010) and Chi et al. (2014), this benchmark
scenario includes parameters such as the growth rate of the labor,
the total factor productivity (TFP), the input and output structure
of intermediate goods, the consumer savings rate, and the trade
surplus. The benchmark scenario assumes that the labor growth
rate decreases gradually in the primary industry, first increases
and then decreases after 2020 in the secondary industry, and
increases gradually in the tertiary industry. The TFP is assumed
to be 2.00% in the primary industry, 1.80% in the secondary
industry, and 2.00% in the tertiary industry. In addition, the
TFP is 2.50% in wind power and 3.00% in solar power. We
assume that the intermediate input rate will continue to increase
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in agriculture but will be slightly lower in energy and resources,
and during the simulation period, labor-intensive sectors will
decrease. The consumer savings rate and the trade surplus are
assumed to gradually decrease with economic development and
social progress.

Then we discuss China’s energy transition with an assumption
of a decline in subsidies for renewable energy. Subsidies for
wind and solar power in China are based on the FIT, so smaller
subsidies significantly decrease the rate of return on power
generation enterprises producing them. Based on changes in
the rate of return, we design three scenarios with a reduction
in subsidies.

Policy Scenario 1: Compared with the benchmark scenario, the
rate of return on wind and solar power production falls by 20%
as a result of a reduction in subsidies beginning in 2021.

Policy Scenario 2: Compared with the benchmark scenario, the
rate of return on wind and solar power production falls by 30%
as a result of a reduction in subsidies beginning in 2021.

Policy Scenario 3: Compared with the benchmark scenario,
in 2021, subsidies on wind and solar power are eliminated.
Comparing the FIT of wind and solar power in 2012 and
desulfurized coal power in 2017, the average FIT of wind
and solar power declined by 36 and 65%, respectively. By
calculating the IO structure of wind and solar power, the rate
of return on wind and solar power generation decreases by 40
and 70%, respectively, which we hypothesize will remain the
predominant tendency.

China has been the biggest generator of wind and solar power.
Because of technical progress in wind and solar power, their
costs will continuously decrease, which in turn will promote
the development of wind and solar power. Therefore, to explore
the energy transition in the future, we design various scenarios
involving reductions in subsidies for renewable energy linked
with technical progress.

Policy Scenario 4: Based on scenario 3, we assume that the
TFP in the generation of wind and solar power is 3.0 and 3.5%,
respectively, which is 0.5 percentage points higher than in the
benchmark scenario.

Policy Scenario 5: Based on scenario 3, we assume that the TFP
in the generation of wind power reaches 3.5% (1.00% higher than
the benchmark) and in solar power reaches 5.25% (2.25% higher
than the benchmark).

Policy Scenario 6: Based on scenario 2, we assume that the TFP
in the generation of wind and solar power is 0.5% higher than the
benchmark, reaching 3.00 and 3.50%, respectively.

Policy Scenario 7: Based on scenario 2, we assume that the
TFP in the generation of wind and solar power reaches 3.30 and
3.85%, respectively.

EMPIRICAL RESULTS AND DISCUSSION

Table 5 shows the impacts of a reduction in renewable energy
subsidies on electricity generation and its structure. Table 6
shows the impacts on energy consumption, carbon emissions,
and carbon intensity. Table 7 shows the impacts on the structure
of energy, and Table8 reports the feasibility of meeting
government targets.

Discussion Based on the Benchmark

Scenario

According to a document issued by the Chinese National
Development and Reform Commission (NDRC), China’s
Intended Nationally Determined Contributions (INDC), China
pledged to a target around 2030 or earlier of a peak in carbon
emissions and a decline in carbon emission intensity by 60-65%
compared with the level in 2005. In addition, non-fossil fuel
energy is targeted to comprise about 20% of primary energy
consumption in 2030. According to the Energy Production and
Consumption Revolution Strategy (2016-2030) issued by the
NDRG, the target for total energy consumption is about 5 billion
tons of standard coal equivalent (tce) in 2020 and about 6 billion
tce in 2030. Non-fossil fuel energy will comprise 15% of primary
energy consumption in 2020 and about 20% in 2030. Natural
gas will comprise about 15% of primary energy consumption
in 2030. According to the thirteenth 5-Year Plan for Energy
Development issued by the NDRC, total energy consumption
will be about 5 billion tce of which coal is 4.1 billion tons;
electricity consumption is expected to be 6,800-7,200 TWh in
2020. Non-fossil fuel energy consumption will increase to more
than 15% of total energy consumption, natural gas consumption
will comprise 10%, and coal will decrease to <58% in 2020.

In the benchmark scenario, China’s total electricity generation
will increase significantly and reach 8,286.63 TWh in 2030.
Although thermal power generation will steadily increase, its
proportion of total power generation will decrease. Hydroelectric
power will increase slightly, and its proportion will remain stable.
Nuclear, wind, solar, and other types of power will increase
significantly with an increasing share of total power generation.
The structure of power generation is further optimized with the
share of thermal power generation dropping to 60.17%, while the
share of wind and solar power will increase to 11.74 and 7.99% of
total electricity generation, respectively.

Total energy consumption will continuously increase and
reach 5.941 billion tce, less than the government target of 6
billion tce in 2030. The proportion of non-fossil fuel energy will
increase to 20.40% in 2030 and so will natural gas. Although
coal consumption will still increase, its share of total energy
consumption will decrease significantly and fall to 47.84% in
2030. Oil consumption will increase slightly at a stable proportion
of total energy consumption and reach 16.08% in 2030, which
is higher than the government target of 15%. Carbon emissions
will increase continuously up to 146.42 billion tons, but carbon
emission intensity will decrease significantly and fall to 0.9593
ton/RMB 10,000 in 2030. That is, carbon emission intensity,
total energy consumption, and the energy structure can meet
the government targets. The results of the benchmark scenario
provide a baseline for the policy scenarios.

The Results in the Energy Subsidy

Reduction Scenario (Scenarios 1-3)

As shown in Table 5 and Figure 2, after reductions in subsidies
for renewable energy, wind and solar power generation will
significantly decline compared with the benchmark scenario,
while thermal and total power generation will increase.
Meanwhile, as subsidies are reduced further, wind, solar, and
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TABLE 5 | Power generation and its structure (in TWh).

Scenarios Forecast/Proportion Year Power generation

Type of power generation

Thermal power Hydropower Nuclear power Wind power Solar power and others

Benchmark scenario Forecast 2012 4,986.50 3,925.50 855.60 98.30 103.00 4.10

2015 5,715.44 4,232.42 1,082.61 17414 192.65 33.61
2020 6,898.95 4,740.29 1,208.95 288.38 423.34 238.00
2025 7,501.78 4,875.81 1,248.19 324.91 626.65 426.22

2030 8,286.63 4,986.45 1,299.03 366.08 973.16 661.91

Proportion (%) 2020 68.71 17.52 418 6.14 3.45

2025 65.00 16.64 4.33 8.35 5.68

2030 60.17 15.68 4.42 11.74 7.99
Scenario 1 Forecast 2025 7,373.49 4,918.60 1,259.49 328.04 521.07 346.29
2030 8,066.88 5,039.72 1,313.05 370.40 807.57 536.15

Proportion (%) 2025 66.71 17.08 4.45 7.07 4.70

2030 62.47 16.28 4.59 10.01 6.65
Scenario 2 Forecast 2025 7,306.54 4,941.84 1,265.55 329.73 464.83 304.60
2030 7,952.31 5,068.77 1,320.59 372.74 719.45 470.75

Proportion (%) 2025 67.64 17.32 4.51 6.36 417

2030 63.74 16.61 4.69 9.05 5.92
Scenario 3 Forecast 2025 7,175.42 4,986.31 1,276.95 332.92 407.65 171.59
2030 7,729.70 5,124.35 1,334.80 37717 630.47 262.91

Proportion (%) 2025 69.49 17.80 4.64 5.68 2.39

2030 66.29 17.27 4.88 8.16 3.40
Scenario 4 Forecast 2025 7,222.51 4,967.20 1,272.18 331.57 459.82 191.76
2030 7,894.52 5,077.64 1,323.22 373.51 793.70 326.46

Proportion (%) 2025 68.77 17.61 4.59 6.37 2.65

2030 64.32 16.76 4.73 10.05 4.14
Scenario 5 Forecast 2025 7,321.61 4,933.18 1,263.68 329.17 515.61 279.97
2030 8,305.23 4,987.16 1,300.71 366.40 980.84 670.12

Proportion (%) 2025 67.38 17.26 4.50 7.04 3.82

2030 60.05 15.66 4.41 11.81 8.07
Scenario 6 Forecast 2025 7,369.68 4,919.70 1,259.98 328.16 523.29 338.56
2030 8,170.91 5,014.94 1,307.13 368.50 901.85 578.49

Proportion (%) 2025 66.76 17.10 4.45 7.10 4.59

2030 61.38 16.00 4.51 11.04 7.08
Scenario 7 Forecast 2025 7,405.17 4,908.40 1,257.13 327.35 547.93 364.36
2030 8,302.21 4,986.53 1,300.01 366.25 982.93 666.50

Proportion (%) 2025 66.28 16.98 4.42 7.40 4.92

2030 60.06 15.66 4.41 11.84 8.03

total power generation will fall rapidly. When the subsidy
is eliminated in 2030, total electricity generation will be
6.72% lower than the benchmark scenario. With respect
to the structure of power generation, compared with the
benchmark scenario, the proportion of wind and solar power
generation will shrink after subsidies are further reduced.
After elimination of the subsidy in 2030, the ratio of wind
and solar power to total electricity generation will fall to
8.16 and 3.40%, which is 3.58 and 4.59% lower than the
benchmark scenario, respectively. By comparison, thermal
power, hydropower, and nuclear power generation will increase
because of their substitution effects on wind and solar
power generation.

As shown in Table 6 and Figures 3, 4, compared with the
benchmark scenario, total energy consumption will decrease in
2021 because of reductions in the subsidies. The elimination
of renewable energy subsidies in 2030 will reduce the total
energy consumption to 5,770.04 billion tce, lower than both the
benchmark and the government target. However, in 2030, total
carbon emissions will rise to 14.86 billion tons, 1.53% higher than
the benchmark scenario. In addition, carbon emission intensity
of the gross domestic product will reach 0.9799 tons/RMBI10,
000, which is 2.14% higher than the benchmark scenario.
The INDC reveals that carbon emission intensity in 2014 fell
by 33.80% compared with the level in 2005. Impressively,
the results of this study show that carbon emission intensity
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TABLE 6 | Energy Consumption and Carbon Emissions.

Scenarios Forecast/Variation Year Total energy Total carbon emissions Carbon emission intensity
consumption (Million tce) (Million tons) (tons/RMB 10,000)
Regulation target 2030 <6000 Peak in 60-65% decrease compared with
2030 or earlier 2005
Benchmark Forecast 2012 4,021.38 8,846.33 1.6480
scenario
2015 4,337.88 9,487.54 1.4204
2020 4,990.30 11194.45 1.2434
2025 5,379.95 12,619.99 1.0815
2030 5,941.10 14,641.94 0.9593
Scenario 1 Forecast 2025 5,342.90 12,685.66 1.0888
2030 5,873.69 14,730.10 0.9670
Variation (%) 2025 —0.69 0.52 0.67
2030 —-1.13 0.60 0.80
Scenario 2 Forecast 2025 5,323.67 12,720.82 1.0927
2030 5,838.65 14,777.23 0.9712
Variation (%) 2025 —1.05 0.80 1.03
2030 —-1.72 0.92 1.23
Scenario 3 Forecast 2025 5,285.59 12,787.02 1.1010
2030 5,770.04 14,865.43 0.9799
Variation (%) 2025 —1.75 1.32 1.80
2030 —2.88 1.58 2.14
Scenario 4 Forecast 2025 5,298.76 12,759.38 1.0977
2030 5,820.25 14,794.38 0.9731
Variation (%) 2025 —1.51 1.10 1.50
2030 —2.03 1.04 1.44
Scenario 5 Forecast 2025 5,327.70 12,710.12 1.0912
2030 5,950.09 14,655.55 0.9578
Variation (%) 2025 —-0.97 0.71 0.89
2030 0.15 0.09 -0.16
Scenario 6 Forecast 2025 5,341.97 12,688.50 1.0888
2030 5,906.58 14,694.11 0.9630
Variation (%) 2025 -0.71 0.54 0.67
2030 —0.58 0.36 0.38
Scenario 7 Forecast 2025 5,352.48 12,671.97 1.0866
2030 5,948.09 14,649.94 0.9583
Variation (%) 2025 —0.51 0.41 0.47
2030 0.12 0.05 —0.10

is 41.79% lower in 2030 than in 2012. Hence, the carbon
emission intensity in policy scenarios 1-3 is lower than the
government target.

As shown in Table 7 and Figure 5, consumption of non-fossil
fuel energy will decline gradually as a result of the substitution
effect among energy sources, and the consumption of coal, oil,
and natural gas will increase as this occurs. In particular, in the
subsidy-free scenario (scenario 3), consumption of non-fossil fuel
energy in 2030 will fall to 16.59%, lower than both the benchmark
scenario and the government target of 20%. In addition, the
proportion of coal in total energy consumption in 2030 will rise to
as much as 50.32%, which is 2.48 percentage points higher than
the benchmark scenario as well as higher than the government
target of <48%.

As a whole, if the subsidies for renewable energy are
eliminated, the government target for total energy consumption
and carbon emission intensity would be achieved, but it will fail
to achieve the target for non-fossil energy in 2030.

The Results of Renewable Energy Subsidy
Elimination Associated With Technical

Progress (Policy Scenarios 4-5)

In policy scenario 5, wind and solar power generation will
increase significantly because of technical progress, whereas
thermal power, hydropower, and nuclear power will slightly
decrease. Consequently, total consumption of electrical power
and total energy will slightly increase, while carbon emissions
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TABLE 7 | Subsector primary energy consumption (in million tce).

Scenarios Forecast/Proportion Year Coal Oil Natural gas Non-fossil fuel energy
Regulatory target 2030 15% 20%
Benchmark scenario Forecast 2012 2,754.65 683.63 193.03 390.07
2015 2,752.99 788.18 251.37 545.34
2020 2,839.54 853.55 503.80 793.41
2025 2,840.96 897.20 677.07 964.72
2030 2,842.38 931.88 955.08 1,211.76
Proportion (%) 2012 68.50 17.00 4.80 9.70
2015 63.46 18.17 5.79 12.57
2020 56.90 17.10 10.10 15.90
2025 52.81 16.68 12.59 17.93
2030 47.84 15.69 16.08 20.40
Scenario 1 Forecast 2025 2,860.38 900.82 679.65 902.05
2030 2,865.94 936.46 959.44 1,111.85
Proportion (%) 2025 53.54 16.86 12.72 16.88
2030 48.79 15.94 16.33 18.93
Scenario 2 Forecast 2025 2,871.00 902.70 680.97 869.00
2030 2,878.86 938.85 961.67 1,059.26
Proportion (%) 2025 53.93 16.96 12.79 16.32
2030 49.31 16.08 16.47 18.14
Scenario 3 Forecast 2025 2,891.45 906.13 683.32 804.70
2030 2,903.71 943.19 965.65 957.49
Proportion (%) 2025 54.70 17.14 12.93 16.22
2030 50.32 16.35 16.74 16.59
Scenario 4 Forecast 2025 2,882.56 904.78 682.44 828.99
2030 2,882.44 939.88 962.82 1,035.04
Proportion (%) 2025 54.40 17.08 12.88 15.64
2030 49.53 16.15 16.54 17.78
Scenario 5 Forecast 2025 2,866.72 902.37 680.87 877.74
2030 2,841.20 933.36 957.26 1,218.27
Proportion (%) 2025 53.81 16.94 12.78 16.48
2030 47.75 15.69 16.09 20.47
Scenario 6 Forecast 2025 2,860.71 901.10 679.91 900.26
2030 2,854.39 934.91 958.27 1,159.02
Proportion (%) 2025 53.55 16.87 12.73 16.85
2030 48.33 15.83 16.22 19.62
Scenario 7 Forecast 2025 2855.45 900.27 679.37 917.39
2030 2841.43 932.80 956.44 1217.43
Proportion (%) 2025 53.35 16.82 12.69 17.14
2030 47.77 15.68 16.08 20.47

will decrease slightly. Like policy scenarios 1-3, the government
target for non-fossil fuel energy in 2030 is not attained.

To achieve the non-fossil fuel energy target in 2030, we
raise the technical progress in wind and solar power in policy
scenario 5, enabling them to significantly increase compared
with scenario 4. Wind, solar, and other types of power will
account for 19.88% of total power generation, and the proportion
of non-fossil fuel energy in total energy consumption will be
20.47% in 2030, which means that the government target for
non-fossil fuel energy can be achieved in policy scenario 5.
Thermal power, hydropower, and nuclear power generation will

slightly increase; consequently, total power generation slightly
increases compared with scenario 4. Because of a decline in fossil
fuel energy consumption and a significant increase in non-fossil
fuel energy consumption in 2030, carbon emissions will decrease,
but total energy consumption will increase.

Although the government target can be achieved in scenario
5, doing so requires a technological leap in wind and solar power
generation because this level of technical progress is too high
for China to achieve. Therefore, in the next section, we consider
scenarios with a moderate subsidy and technical progress in
renewable energy.
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The Results of Renewable Energy Subsidy
Reduction Associated With Technical
Progress (Policy Scenarios 6-7)

In scenario 6, the only difference is the level of renewable energy
subsidies, which is moderate rather than zero as in scenario 4.
Compared with scenario 4, wind and solar power generation
will increase significantly and account for 18.12% of total power
generation, while the generation of other types of power will
decrease slightly. Consequently, total power generation will
increase to 8,170.91 TWh in 2030. Because of the decrease in
fossil fuel energy such as coal, oil, and natural gas, carbon
emissions will decrease to 14,694.11 million tons, though total
energy consumption will increase to 5,906.58 million tec in
2030. In 2030, non-fossil fuel energy will comprise 19.62% of
total energy consumption, which indicates that the government
target for non-fossil fuel energy can be basically achieved in

TABLE 8 | The feasibility of government regulatory targets in 2030.

Scenario Total energy Carbon Proportion of Proportion of
consumption emission natural gas non-fossil fuel
intensity energy consumption
Benchmark 4 N 4 J
Scenario 1 Vv N 4 X
Scenario 2 J v J x
Scenario 3 J v J x
Scenario 4 N J N X
Scenario 5 N J N J
Scenario 6 J J J v
Scenario 7 N J N v

J/ Target is achievable. x Target is not achievable.

scenario 6. If a relatively high level of renewable energy technical
progress is achieved in scenario 7, then non-water renewable
power will increase significantly and account for 19.87% of total
power generation. Moreover, in 2030, non-fossil fuel energy
consumption will increase and comprise 20.47% of total energy
consumption, which is slightly higher than the government target
of 20%. In addition, the consumption fossil fuel energy and
carbon emissions will decrease compared with those in scenario
4. Although total energy consumption will slightly increase to
5,948.09 million tec, it will be lower than the government target
of 6,000 million tec.

As a whole, Table 8 indicates that government targets except
in non-fossil fuel energy can be achieved in every policy scenario,
and the target for non-fossil fuel energy will fail to be achieved
if the subsidies for renewable energy are withdrawn. In addition,
in scenario 4 (no subsidy), the government target for non-fossil
fuel energy will not be achieved even though technical progress
is improved. High technical progress in renewable energy is
required to achieve the government target for non-fossil fuel
energy, but the level in scenario 5 is too high for China to attain.
Therefore, a moderate subsidy associated with feasible technical
progress in renewable energy (scenarios 6 and 7) is an effective
way to meet government targets in 2030 and is helpful for energy
transition in China.

CONCLUSIONS AND POLICY
IMPLICATIONS

This paper develops a hybrid CGE model of China’s energy
and environment policy evaluation, which disaggregates
China’s energy sectors into 11 subsectors in order to reflect the
technical and economic characteristics of various energy
sources by the biproportional scaling method and the
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Method of Preparing the China Input-Output Table 2012. The elimination of subsidies for wind and solar power will
Then we explore the impacts of reducing and eliminating result in a significant drop in the generation and proportion
subsidies on renewable energy development and energy of wind and solar power in 2030. Particularly in the subsidy-
transition in China using this hybrid dynamic CGE model.  free scenario, the consumption of non-fossil fuel energy falls,
In the benchmark scenario, this paper estimates energy  while the proportion of coal will rise significantly, exceeding the
consumption and its structure, carbon emissions, and  governments goal. Consequently, it is impossible to achieve the
carbon intensity from 2012 to 2030. The forecast results  governments target.

are consistent with the Chinese government’s target. Thus, In a renewable energy subsidy-free scenario, China could
the benchmark scenario provides a comparative baseline for  achieve its targets in energy transition and carbon emissions
policy simulations. if the TFP of wind and solar power reaches 3.50 and 5.25%,

Frontiers in Energy Research | www.frontiersin.org 12 March 2020 | Volume 8 | Article 25


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Guo et al.

Energy Subsidies on Energy Transition

6000 60
5000
4000
3000 35
30
2000
25
20.4 18.9 1659 20.4 20.40
i 13, / 17 94
1000 “
!ﬂ.(h A ‘=‘ »’<‘< i A h f B nﬂ . i
N | N \lq ,;,,\q AN y\"‘ O
12.5 12,788 1O 12 788 100812 g8 | B12 8- | 12,788 1OW12. 12. 16.08
0 10
W@,‘) w@Q W@? £ W@“’ w,S’Q W@T’ W@Q & q/@“ @3’ oy %@"’ %@“ & %Q"a“
%, %« N N v o ’ oy W W f_}/ ot v g [ . A’
Q Q L 2 ! < & % S S = S
s Coal = Oil === Natural gas
Non-fossil fuel energy == (oal pro =@ il pro
«=@==Natural gas pro === Non-fossil fuel energy pro
FIGURE 5 | Subsector primary energy consumption and structure in 2030 Unit: TWh/%.

respectively. However, doing so requires a leap in technological
progress, especially in solar power, which is a huge challenge for
China. In the scenario of a 30% reduction in the returns on wind
and solar power based on the benchmark scenario, if China wants
to achieve its targets in energy transition and carbon emissions,
the TFP of wind and solar power must reach 3.30 and 3.85%,
respectively, which are feasible goals for technical progress in
wind and solar power in China.

In conclusion, the analytical results of the scenarios indicate
that the government’s 2030 target for total energy and natural gas
consumption and carbon emission intensity can be achieved in
each scenario. However, the government’s target for non-fossil
fuel energy is hard to achieve without subsidies for renewable
energy. The empirical results also indicate that a moderate
subsidy for renewable energy linked to significant technical
progress in renewable energy is a crucial way for China to achieve
its energy target and transition in 2030.

Technological progress is the crucial factor in reducing the
generation cost and promoting the subsidies retreat of wind
and solar power in China. Therefore, the government should
actively encourage technological progress in wind and solar
power generation and strengthen the policy support for this
progress. The government should encourage relevant enterprises
to strengthen technological innovation and its transformation

and application and at the same time, according to the industry’s
technological progress, scientifically and reasonably gradually
reduce wind and solar power subsidies.
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